Project No. 12-3451

Improved Accident Tolerance of
Austenitic Stainless Steel Cladding
through Colossal Supersaturation
with Interstitial Solutes

Fuel Cycle Research and Development

Frank Ernst
Case Western Reserve University

In collaboration with:
University of Akron

Frank Goldner, Federal POC
Mychailo Toloczko, Technical POC

.
— : Nu.cleur.Energy
- University Programs

U.S. Department of Energy



Improved Accident Tolerance of Austenitic Stainless Steel Cladding through
Colossal Supersaturation with Interstitial Solutes

F Ernst,! R Lillard,? and S. Maloy?®

1Department of Materials Science and Engineering, Case Western
Reserve University, 10900 Euclid Avenue, Cleveland, Ohio 44106-7204.

2Department of Chemical and Biomolecular Engineering,
University of Akron, Akron OH 44325-3906.

3Los Alamos National Laboratory, Los Alamos, NM 87545,
(October 17, 2016)

I. INTRODUCTION

A. Goals

We proposed a program-supporting research project
in the area of fuel-cycle R&D, specifically on the topic
of advanced fuels. Our goal was to investigate whether
SECIS (surface engineering by concentrated interstitial
solute — carbon, nitrogen) can improve the properties of
austenitic stainless steels and related structural alloys
such that they can be used for nuclear fuel cladding in
LWRs (light-water reactors) and significantly excel cur-
rently used alloys with regard to performance, safety,
service life, and accident tolerance.

The concept of SECIS consists of dissolving very high
concentrations of interstitial solute, typically orders
of magnitude higher than the solubility limit, within a
(e.g. 25 m thick) layer below the alloy surface. This
can provide substantial “case hardening” (i.e. gener-
ate a hard shell). Particularly if precipitation of the
solute or its compounds can be avoided, many other
properties can also be tremendously improved, e.g.
the wear resistance, fatigue resistance, and corrosion
resistance. In this project, we intended to demon-
strate that SECIS can be adapted for post-processing of
clad tubing to significantly enhance mechanical proper-
ties (hardness, wear resistance, and fatigue life), corro-
sion resistance, resistance to stress—corrosion cracking
(hydrogen-induced embrittlement), and — potentially —
radiation resistance (against electron-, neutron-, or ion-
radiation damage). As SECIS can be applied as a highly
conformal post process to components in their final
shape - without changing their dimensions — and at
low cost, our expectation was that this technology can
make a valuable contribution for developing better,
safer, longer-lasting, and more accident-tolerant fuel
cladding. To test this hypothesis, we measured various
relevant properties of the surface-engineered alloys
and compared them with corresponding properties of
the non-treated, as-received alloys. In particular, we
studied the impact of heat exposure corresponding
to BWR (boiling-water reactor) working- and accident
(loss-of-coolant) conditions and the e [Ceck of ion irradi-
ation.

B. Approach

1. Processing

One method of SECIS that has been subject to intense
research at CWRU (Case Western Reserve University)
for more than one decade is LTC (low-temperature
carburization). The initial focus of that research was
a gas-phase process for LTC, empirically developed
specifically for AISI-316L (austenitic stainless steel) by
Swagelok. The underlying physical principle of LTC is
to let carbon di [use into the alloy surface at a process-
ing temperature Ty that e Leckively freezes di [udion
of metal atoms (Fe, Cr, Ni), such that no precipitation
of e.g. Cr-rich carbides can occur within the process-
ing time. On the other hand, Ty is still high enough
to enable transport of carbon into technically useful
depths below the alloy surface ( 25 m) within tech-
nically feasible processing times t,  0:1Ms. The dif-
ference between this novel approach to conventional
high-temperature carburization is illustrated in the
TTT (time-temperature-transformation) diagram of
Fig 1.

Most critical for successful LTC is the removal of
the 1nm thick Cr-rich passivating oxide layer from
the surface of AISI-316L. This “surface activation” is
important as the oxide layer, which makes the alloy
“stainless,” is not transparent to carbon at Tp. In the
CGP (conventional gas-phase) process for LTC, indus-
trially employed by Swagelok, surface activation is
accomplished by exposing the alloy surface to HCI
gas before the actual carburization. Subsequently, the
actual LTC is accomplished with the help of CO in a
carrier gas consisting of N, (the N> molecule is so sta-
ble that the carrier gas does not provide any di [use
into the alloy).

Later, the scope of research was broadened to in-
clude further structural alloys, e.g. AL-6XN (Allegheny
Ludlum, superaustenitic stainless steel) or IN-718 (In-
conel, Ni-superalloy), to experiment with further meth-
ods of surface activation (e. g. using acetylene), and to
include nitrogen as alternative or additional interstitial
solute for LTN (low-temperature nitridation) or LTNC
(low-temperature nitro-carburization), respectively.

Initially, we set out to experiment with three di Cer}
ent alloys: AISI-316L, IN-718, and AL-6XN (Table I). Our



FIG. 1: TTT diagram illustrating the concept of LTC. The “C”
curves correspond to two di [Lerknt austenitic stainless steels.
It can be seen that increasing the carbon content moves the
“C” curve (“pearlite nose”) to the upper left, implying that
very high - industrially entirely unfeasible — quench rates
would be needed for common fractions X¢ 0:1  10%.
The approach of LTC is to operate at a temperature T,
const. at which the carbide precipitation described by the
“C” curves is kinetically suppressed, i. e. will not occur within
the processing time t, On the other hand, T, is still high
enough to enable considerable transport of carbon into the
alloy.

TABLE I: Alloy Atom Fractions

AISI-316L |AISI-316L | IN-718 | IN-718 | AL-6XN
Coupon Tube |[Coupon| Tube |Coupon
Fe | 0.6928 | 0.6825 |0.1914|0.1932|0.4308
Cr| 0.1942 | 0.1772 |0.2111|0.1997|0.2396
Ni | 0.0955 | 0.1087 |0.5167 |0.5240|0.2461
Al 0.0107 |0.0124
C 0.001 |0.0019 |0.0025|0.0014
Cu 0.0012 |0.0014 |0.0007
Mn 0.0173 |0.0019 |0.0024| 0.0206
Mo| 0.0175 | 0.0121 |0.0184 0.0413
Nb 0.0319 |0.0315
Si 0.0037 |{0.0018| 0.0202
Ti 0.0109 |0.0118

goal was to adapt the Swagelok process to work with
tubes with the shape and dimensions that are used
for nuclear fuel cladding (Table Il). In the course of
the project, we discovered a more elegant method of
processing that yields better results than the Swagelok
process with shorter processing times t,: LTNC by
SRP (solid-reagent pyrolysis). Instead of separately
activating the alloy surface and infusing interstitial
solute, this method works by encapsulating the work-
piece together with a solid reagent (powder), e.g. in
an evacuated fused-silicon ampoule. Upon heating,
the reagent pyrolyzes into a gas containing molecu-
lar species that both activate the surface and provide

TABLE II: Dimensions of Tube Specimens

Outer diameter (mm)| 10.00
Inner diameter (mm) 9.45
Wall thickness (mm) 0.33
Length (mm) 140.00

carbon and nitrogen to di [use into the alloy.

In the first phase of the project, we focused on AlSI-
316L and how to adapt the Swagelok process to work
with tubes. Then, we discovered and began to develop
LTNC of SRP, first for AISI-316L. In the second phase,
we shifted focus on IN-718 and recognize that this is
the most promising alloy for the targeted application.
To further develop LTNC by SRP and fully explore the
potential of IN-718, we reduced the workscope for
AL-6XN.

2. Benefits of SECIS Under Reactor Conditions

Based on earlier work, it was expected that SECIS of
the structural alloys under consideration would greatly
improve their standard mechanical properties (surface
hardness, wear resistance, fatigue resistance) and cor-
rosion resistance under ambient conditions. These
substantial benefits of SECIS were confirmed in the
current study. In particular, the exceptional increase
of corrosion resistance that LTC provides for AISI-316L
has been investigated in detail in the recent joint pub-
lication of UA (University of Akron) and CWRU.? How-
ever, for nuclear power applications, and in particular
for accident tolerance, it is also of great interest how
SECIS impacts alloy response to heat exposure, high-
temperature steam exposure, corrosion resistance in
hot water, resistance to SCC (stress—corrosion cracking)
under simulated BWR conditions, and proton- or ion
irradiation. Therefore, we have carried out systematic
studies in which we have compared the response of
SECIS-treated alloys with that of corresponding non-
treated alloys.

1. SUMMARY OF EXPERIMENTAL ACTIVITIES

A. Processing

1. SECIS of all alloys was performed at CWRU, as well
as supporting optical metallography and microcharac-
terization using XRD (X-ray di [Tattometry), SEM (scan-
ning electron microscopy), SAM (scanning Auger micro-
probe), AFM (atomic force microscopy), MFM (magnetic-
force microscopy), and TEM (transmission electron
microscopy).

2. For reproducing the Swagelok process for LTC at
CWRU and extending it to LTN and LTNC, we employed
a computer-controlled gas furnace made by CVD.



FIG. 2: Encapsulation station, constructed for encapsulating
specimens together with SRP (solid-reagent pyrolysis) in
evacuated fused-silica ampoules.

3. For SRP processing, we designed and constructed
an encapsulation station (Fig 2) suitable to encapsulate
alloys specimens together with solid-reagent powders
of di Cerknt compositions in evacuated fused-silica am-
poules. The ampoules were heat-treated in a number
of di Cerent furnaces at CWRU.

B. Surface Hardness and Wear Testing

CWRU performed surface hardness testing using a
Vickers microhardness tester and nanoindenters. Ball-
on-disk testing was performed using a commercial
wear station. Coupons of LTC AISI-316L were exposed
to wear testing and compared to corresponding non-
treated material. The tests were conducted as ball-on-
plate linear-motion dry wear tests in air with a load
of 1kg and a duration of 1 ks. These conditions corre-
spond to ASTM G133, except for the load, which was
adjusted to obtain meaningful results. Acquired test
data included the surface profile of the wear scar and
the worn volume.

C. Corrosion Testing Under Simulated BWR Conditions

For corrosion testing under simulated BWR conditions,
specimens were exposed for long-term in the newly
constructed autoclave system installed at UA at the
beginning of the project. The system is equipped with
circulated water flow at elevated temperature. The
purpose is to maintain realistic oxygen activity; in non-
circulating water, the oxygen activity would decrease as
metal parts getter the available oxygen. Corrosion rates
were monitored by measuring the weight specimens
at di [erknt stages of the experiment.

D. Slow-Strain-Rate Tensile Testing

UA performed tensile testing (i) under ambient condi-
tions, that is in air at room temperature, and (ii) under

simulated BWR conditions.

Simulated BWR conditions were set up in an auto-
clave system that was installed at UA at the beginning
of the project particularly for this purpose. The ex-
periments were carried out with water of “normal”
chemical composition (less driving force for SCC than
e.g. hydrogenated water). The water was circulated
to maintain normal oxygen activity (in non-circulating
water, the oxygen activity would decrease as metal
parts getter the available oxygen). The system is prop-
erly protected against galvanic coupling of dissimilar
metal parts. Simulated BWR conditions were set up
with a temperature T 561K (288 C) and a pressure
p 17MPa (2400psi, 170atm). Under these condi-
tions, the water is just below the critical temperature
and just above the critical pressure for steam forma-
tion.

Under ambient as well as under simulated BWR con-
ditions, specimens were strained low rates of "
1 10 ®s 1. In all tests, the specimens were cylinders

with a diameter of 3:2mm.
E. Exposure to Heat and Irradiation

Under normal operating conditions of a BWR, fuel
cladding can be exposed to temperatures of T, 620K
(350 C and, at the same time, high flux rates of irra-
diation (e.g. proton or ion irradiation). While T, < Tp,
the di [udivity of the interstitial solute will be higher
than at room temperature. After prolonged time at T,
di [ugion might flatten the fraction-depth profile X z
of the interstitial solute (e.g. carbon) to decrease the
beneficial e [Cecks brought about by high fractions of
interstitial solute in the beginning.

Irradiation, e.g. by high-energy protons or ions, gen-
erally causes e [ecks similar to the increased di [udivity
enabled by elevated temperature. To study the impact
of such exposure on SECIS-treated AISI-316L and IN-
718, and to discriminate between the e [ecks of just
heat versus heat and irradiation, we have performed
heat exposure experimentsat T, 620K fort, 84ks
(1d) in air as well as combined exposure to heat and ir-
radiation with high-energy protons or Ni 2 ions. These
experiments were performed at LANL (Los Alamos Na-
tional Laboratory).

Under the conditions of an accident, alloy parts
might be exposed to much higher temperatures and
steam. To model such a condition, we have assumed
an exposure to T, 1073K (800 C) fort; 3:6ks
(1 h). Corresponding high-temperature steam expo-
sure experiments were also performed at LANL. As the
conditions simulating an accidend are harsh, corre-
sponding alloy specimens were first exposed to just
the temperature — without steam - in air and in vacuum
at CWRU.
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FIG. 3: Profile  z of proton irradiation (in units of dpa -
displacements per atom) that was applied to AISI-316L engi-
neered by CGP LTNC and an NSE (non-surface-engineered)
reference specimen. z is the depth-density of the aver-
age number of displacements per atom (in units of “dpa” -
displacements per atom).

FIG. 4: Profile  z of Ni 2 ion irradiation that was applied
to IN-718 engineered by CGP LTNC and an NSE (non-surface-
engineered) reference specimen.

F. Irradiation

Part of our project was to carry out first experiments on
the response of SECIS-engineered alloys to irradiation
with high-energy protons and ions.

Proton irradiation was carried out on CGP LTC AlSI-
316L and an NSE (non-surface-engineered) AlISI-316L
reference specimen. The experiment was conducted
with 1:5MeV protons. The total dose corresponded to
0:5dpa, i. e. a displacement of every other atom on the
average within the a [ected zone. The temperature was
held at 620K (350 C). Figure 3 shovs the profile z
of proton irradiation, which corresponds to the depth-
density of the average number of displacements per
atom (in units of “dpa” — displacements per atom). The

FIG. 5: LOM (light-optical microscopy) of cross-sectional
AISI-316L specimens after polishing and etching. (a) NSE
coupon, as-received. (b) Tube after LTC (low-temperature
carburization). The 25 m thick zone below the surface is
the carbon-rich case.

graphshows z fairly uniform over the first 10 m of
depth z, then peaks at around 12 m. The z graph
was calculated using Kinchin-Pease formalism. Dur-
ing this irradiation a new PIXE (particle-induced X-ray
emission) technique for automatic particle counting
was implemented. This method provided a more ac-
curate charge integration and therefore more accurate
dose calculation. After irradiation, TEM (transmission
electron microscopy) specimens were prepared by FIB
(focused ion beam).

IN-718 engineered by CGP LTNC and an NSE refer-
ence specimen were exposed to irradiation with 5MeV
Ni 2. The corresponding z is shown in Fig 4. Dur-
ing the irradiation, the temperature was held at the
same temperature of 620K (350 C), as in the proton
irradiation experiment. Again, z was calculated
using Kinchin-Pease formalism, and the new PIXE tech-
nique was used again for automatic particle counting.

Ill.  SUMMARY OF RESULTS

A. Processing

1. CGP LTC in a computer-controlled gas furnace has
been successfully adapted for tubes as used for nuclear
fuel cladding. Resolved problems include the e [ect
of the microstructure that results from tube manufac-
turing as well as compensating for e [ecks related to
increased gas flow resistance on the inside of tubes
compared to flow resistance on the outside.
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FIG. 6: Carbon-concentration—-depth profile X¢c z for AISI-

316L treated by CGP LTC.
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FIG. 7: Microhardness—-depth profile h z for AISI-316L
treated by CGP LTC.

2. Processing parameters were developed for LTC, LTN,
and LTNC of AISI-316L and IN-718 tubes. Figure 5b
shows an example of a light-optical micrograph of a
polished and etched metallographic cross-section of
an CGP LTC AISI-316L tube.
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FIG. 8: Nanohardness-depth profile h z LTC IN-718.

FIG. 9: LTNC of IN-718 by SRP. Carbon- and nitrogen-fraction-
depth profiles X¢c z (red) and Xy X (green).

FIG. 10: Nanohardness-depth profile h z for IN-718 treated
by CGP LTNC.

3. Case depths of order 25 m are obtained within
processing times of t, 80 ks. An example of a typical
carbon-fraction-depth profile X¢c z in LTC AISI-316L
is shown in Fig 6. An example of LTC IN-718 is shown
in Fig 9.

4. Substantial increases in surface hardness where ob-
tained, with hardness-depth profiles h z correspond-
ing to the interstitial-fraction—-depth profiles. An ex-
ample of h z for CGP LTC AISI-316L is shown in Fig 7.
An example of h z for IN-718 treated by CGP LTNC is
shown in Fig 10.

5. A surprising result for IN-718 was that the case
generated by CGP LTNC is ferromagnetic. The ferro-
magnetic behavior was observed by macroscopic in-
teraction with permanent magnets as well as by MFM
(magnetic-force microscopy), Fig 11.

6. For LTNC by SRP, we designed and constructed an
encapsulation station.

7. With regard to the conventional gas-phase process-
ing in a computer-controlled gas furnace, we discov-
ered that surface activation of AISI-316L and AL-6XN
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FIG. 11: MFM (magnetic-force microscopy) image of IN-718
treated by CGP LTNC. The left-hand side shows a topographic
image (alloy surface vertical on the left), whereas the actual
MFM image of the same region is shown on the right. In
theMFM image, the sinusodal modulations parallel to the
left edge indicate a magnetic domain structure that is typical
of ferromagnetism.

can be accomplished by external treatment in liquid
HCI (instead of gaseous HCI in the furnace), followed
by a drying procedure that e [eckively passivates the
alloy surface against re-oxidation, maintaining it trans-
parent to carbon and nitrogen for several hours.

8. Successful SECIS by conventional gas-phase LTC
and LTN in a computer-controlled furnace was accom-
plished for three alloys, AISI-316L, IN-718, and AL-6XN,
as indicated in Table IlI.

9. For CGP SECIS of tubes, we found that it may be
necessary to take specific measures to increase the gas
flow in the interior of the tube. Otherwise, according
to the Hagen-Poiseuille law, the increased resistance
of the tube interior to gas flow may prevents adequate
gas supply on the inside.

10. SECIS by SRP in evacuated fused-silica ampoules
was accomplished with impressive results for AISI-
316L and IN-718. Figure 9 shows an example of IN-718.
After LTNC for only 7:2ks (2h), a case has already
formed with a depth > 15 m. Interestingly, the
case consists of a nitrogen-rich layer on the outside
(alloy surface) and a carbon-rich layer on the inside
(below). The apparent “uphill” di Cusion of carbon has
its explanation in the e [eck of nitrogen increasing the
chemical potential . of carbon. The driving force for
di [udion is the chemical-potential gradient @, ¢, not
the concentration gradient @, Xc, and the chemical po-
tential . actually does decrease monotoneusly with
increasing z: @, <O for all z > 0. Details of the pro-
cessing conditions, including the results of challenging
in situ gas pressure measurements, can be found in a
recently published MS thesis.?

TABLE Ill: Methods of SECIS Established for Di Lerknt Al-
loys

LTC|LTN|LTNC
AISI-316L| v | V v
IN-718 I/ v
AL-6XN v

B. Surface Hardness

As expected on the basis of prior work, the mechanical
tests performed at CWRU indicate significant surface
hardness increase for all SE-IS-engineered alloys, re-
gardless of the alloy, specimen shape (tube, coupon,
cylinder) particular species of infused solute and pro-
cessing method (conventional gas-phase LTC or -LTN
or SRP-based LTNC).

C. Wear Resistance

As expected, SECIS by LTC dramatically improves the
wear resistance. For AISI-316L, for example, the wear
scar is obvious for non-treated 316L coupons, but
barely visible on the surface-engineered coupon. Quan-
titatively, LTC reduces the worn volume of AISI-316L
by a factor of 100.

D. Corrosion Resistance

SECIS by LTC, LTN, and LTNC generally significantly im-
proves corrosion resistance under ambient conditions.
Specifically, our work has shown that LTC, LTN, and
LTNC significantly improves the corrosion resistance
of AISI-316L in saltwater and under conditions of met-
allographic etching. Experimental data demonstrating
this finding are shown in Fig 12.

Under simulated BWR conditions, however, NSE and
SECIS AISI-316L and IN-718 responded with similar
corrosion rates. After exposing corresponding samples
in the re-circulating autoclave at 560K (288 C) for
1:8 Ms 500 h, analyis of mass loss did not reveal any
significant di Cerknce in corrosion rates between NSE
and SECIS samples.

E. Slow-Strain-Rate Tensile Testing

1. AISI-316L

For AISI-316L, only specimens treated by CGP LTC and
NSE specimens were tested in tension. Fig 14 shows the
measured " curves of the flow stress as a function
of strain. Under ambient conditions, as seen in the LTC-
treated specimen exhibited significantly reduced strain
to failure and - unexpectedly - significantly higher YS
(yield stress) y (: " j» 0:2), UTS (ultimate tensile
strength) s, and flow stress " over the entire "
range. This strong e [eck of LTC is remarkable as the
fraction of the carburized cross sectionisonly 0:25%
of the total cross-section.
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FIG. 12: Polarization curves demonstrating the improvement
of corrosion resistance in 0:1 M NaCl obtained by LTC. (a) NSE
AISI-316L. (b) AISI-316L engineered by CGP LTC.

Under simulated BWR conditions, the main di Cer}
ence is a reduction in strain to failure, s, to 4.
Di Cerknt from slow-strain-rate testing in air, no sig-
nificant e Ceck of LTC is observed on y, nor s, nor

" (for " < ). Again, the e [ect of LTC on "¢ is quan-
titatively much larger than might be expected from
the very small fraction ( 0:25%) of the carburized
cross-section in the total cross-section. This means
that the significantly reduced "s is not an e [eck of
mechanical weakness in the carburized layer alone.
Rather, the carburized layer appears to induce SCC in
the non-carburized alloy core. As illustrated in Fig 13,
the reduced ductility of the carbon-rich layer (case)
needs to propagation of cracks into substantial depths
of the non-carburized alloy core. As a result, ductile
overload occurs in the central part of the specimen
cylinder, eventually causing rupture.

The di Cerknce in microscopic slow-strain failure
mechanisms between air exposed LTC AISI-316L and

FIG. 13: Slow-strain-rate tensile deformation of AISI-316L -
microscopic mechanisms revealed by SEM (scanning electron
microscopy). (a) In air. (b) Under simulated BWR conditions.
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FIG. 14: Stress-strain curves obtained by tensile tests.

material exposed to simulated BWR conditions is re-
vealed by Fig 13. In both cases, tensile strain causes
cracking of the (less ductile) case. However, while the
ductile alloy core stops crack propagation in air, it fails
to do so under simulated BWR conditions.

2. IN-718

More promising results were obtained with SECIS of
IN-718, treated by LTC or LTNC. Figure 16 presets a
comparison of stress-strain curves obtained from com-
parative tensile testing of LTC versus NSE IN-718 in air
and under simulated BWR conditions. These curves
show hardly any di [Cerence. The only remarkable fea-
ture is that "5 is slightly larger for simulated BWR
conditions than in air — both for LTC and NSE. Summa-
rizing, it appears that LTC neither compromises, nor
improves SCC of IN-718.



FIG. 15: SEM (scanning electron microscopy) fractographs
of AISI-316L after tensile rupture in simulated BWR environ-
ment.
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FIG. 16: Tensile testing of IN-718: Stress-strain curves for
LTC versus NSE IN-718 in air and under simulated BWR
conditions.

3. Discussion of SCC

SECIS, and in particular LTC, LTN, or LTNC, induces very
high (GPa-level) biaxial residual compressive stress in
the case layer. Measured values for AISI-316L treated
byLTCare ! 22 2GPa. The biaxial compressive
stress is generally beneficial for mechanical properties.
For example, have observed that LTC of AISI-316L pro-
longs the high-cycle fatigue life by a factor of  100.
The physical interpretation is that the compressive
stress does not allow the usual nucleation of fatigue
cracks at the specimen surface; the stress will tend to
close any cracks that might have formed under ordi-
nary conditions.

Similar e [ecks are expected for SCC, as illustrated
in Fig 17.
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FIG. 17: SCC crack nucleation in case-hardened alloys - e [ect
of biaxial residual compressive stress. (a) Absent compres-
sive stress, uniaxial tensile strain on SCC may induce crack
nucleation in the case (hard shell), as increased hardness
implies reduced ductility. Although the core is more ductile
than the case, cracks can propagate into the core if corrosion
(e.g. via protons) in the alloy core progresses more rapidly
than dislocation activity can blunt the crack tip. (b) SECIS
leaves the surface under biaxial compressive residual stresses
Kk(k  1;2), which tend to close cracks. (b) Uniaxial tensile
strain "1, parallel to the surface reduces XX, (c) Increasing
"1, XK ¥ 0 and the surface becomes susceptible to the
formation of sharp cracks in the case — as seen in Fig. 15.

F. Normal-Heat Exposure

To simulate heat exposure under normal, i. e. operat-
ing conditions, SECIS-treated specimens of AISI-316L,
AL-6XN, and IN-718 were exposed to T, 620K for
to 84ks (1d)in air. The important answer we ex-
pected from these experiments was the change of the
fraction—-depth profle X¢c z of the interstitial solute
and corresponding changes in the hardness-depth pro-
fileh z .

For IN-718 engineered by CGP LTC, the profile X¢c z
in Fig 18 shows no significant di Cerknce to the orig-
inal profile shown in Fig 6. For IN-718 engineered
by CGP LTNC, Fig 19 shows that the heat treatment
hardly changes the case thickness 20 m. Simi-
larly, the hardness-depth profile h z in Fig 20 is e [ect
tively identical to the profile before the heat treatment,
shown in Fig 8. The absence of change in h z also in-
dicates absence of carbide precipitation. Accordingly,
the extent to which carbon di [usion occurs during the
heat treatment is negligible. A similar stability of the
concentration—-depth profile X¢c z was observed for
AL-6XN, as shown in Fig 21. Also for this alloy, normal
heat exposure did not cause any carbide precipitation
detectable by XRD (X-ray di [rattometry) (Fig 22).
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FIG. 18: Carbon-fraction-depth profile Xc z of LTC AlSI-
316L after 86:4 ks at 620K.
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FIG. 19: Atom-fraction—-depth profiles z of CGP LTNC IN-
718 after 86:4 ks at 620 K.

G. High-Temperature Steam Exposure

To simulate accident conditions in nuclear applica-
tions, HTSE (high-temperature steam exposure) was
performed at 1073 K (800 C) for 3:6ks (1h). These
experiments were carried out at LANL, however only
for IN-718 — SECIS-treated by LTC and LTNC. The initial
plan of performing these experiments also on AISI-
316L had to be given up because with that alloy, the
case formed by LTC or LTNC was already completely
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FIG. 20: Nanohardness—depth profile h z LTC IN-718 after
86:4 ks at 620 K.

FIG. 21: Atom-fraction—-depth profiles Xc z of CGP LTC
AL-6XN before (blue) and after (red) 86:4 ks at 620K.
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FIG. 22: X-ray di [rattograms of CGP LTNC AL-6XN after
86:4 ks at 620K.
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FIG. 23: X-ray di [rattograms of CGP LTNC AL-6XN after
3:6ks at 1073K in air.
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FIG. 24: Atom-fraction-depth profiles Xc z of CGP LTC
AL-6XN after 3:6 ks at 1070K in vacuum.



FIG. 25: SEM/FIB image of a TEM specimen being prepared,
showing the oxide scale that formed on CGP LTNC AL-6XN
after 3:6 ks at 1073 K in air.

destroyed after 3:6 ks at 1073 K in air — without even
applying steam. The performance of SECIS-treated AL-
6XN was somewhat better. Evident from the XRD data
in Fig 22, exposure to 1073 K for 3:6 ks in air causes
the precipitation of carbides to the extent that the
matrix gets completely depleted of carbon. Moreover,
the X-ray di [rattogram indicates the formation of ox-
ides. This was confirmed by SEM (scanning electron mi-
croscopy) and TEM. At the surface of the heat-exposed
specimen of Fig 23, the SEM image in Fig 25 reaveals a
porous oxide layer with a thicknessof 3to 5 m. The
TEM image in Fig 26 resolves two distinct layers within
this oxide scale: (i) An outer layer with large grains,
mainly a mixture of Fe- and Ni oxides. (ii) An inner
layer layer with small grains, mainly chromium oxide.

Apart from local variations caused by carbide pre-
cipitates, however, the initial Xc z is preserved, as
apparent from Fig 24, obtained by exposing CGP LTC
AL-6XN to 1070K for 3:6 ks in vacuum. Based on the
known mechanism of precipitation hardening, we ex-
pect that even after this treatment the alloy surface
substantial hardness and wear resistance. Owing to the
slight changes in focus in the course of the project (de-
scribed earlier), SECIS-treated AL-6XN was not exposed
to high-temperature steam.

IN-718 performed better than AL-6XN and much
better than AISI-316L. Figure 28 shows X¢c z and h z
after 3:6 ks at 1073 K under vacuum (red) and in air,
respectively. The main di Cerence to the initial h z
(Fig 8) isareduction of hardnessinazone 5 m below
the surface. The reason is a corresponding reduction
of the carbon fraction X¢ within a corresponding zone
directly below the surface. Oxidation seems to play no
important role here, as the red and the blue graphs are
not significantly di Cerent. However, the TEM results
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FIG. 26: TEM bright-field image of the oxide scale that formed
on CGP LTNC AL-6XN after 3:6 ks at 1073 K in air.

FIG. 27: XRD pattern from LTNC IN-718 after HTSE.

from the specimen treated in air, presented in Fig. 29,
do reveal the formation of an oxide layer on the alloy
surface. When steam is added to the heat exposure
treatment, pronounced formation of oxides does occur,
evident from the XRD pattern in Fig 27. Without steam,
the thickness of this oxide layer is ranges between 100
and 500 nm. Moreover, the elemental maps indicate
that Cr-rich carbide nanoparticles have formed.

This is an important finding, as the major problem
with high-temperature heat exposure of IN-718 is the
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FIG. 28: Heat exposure of CGP LTC IN-718 under simulated
accident conditions, 3:6 ks at 1073 K (i) under vacuum (red)
and (ii) in air (blue). (a) Carbon-concentration-depth profile
Xc z . (b) Nanohardness—depth profile h z .

loss of Cr from regions near the surface. Apparently,

the high fraction of carbon introduced by LTC is su [=—1

cient to bind significant fraction of Cr in Cr-rich car-
bides. The fine dispersion of carbide particles (hard!)
could be one major reason why IN-718 holds up well
(and much better than AISI-316L) against HTSE.

Figures 29 are the bright field TEM image and HAADF-
STEM image of the 1070 K heat-treated carburized IN-
718. Two observations have been made.

H. Irradiation

1. Proton Irradiation

Figure 32 presents results obtained by TEM of CGP
LTC AISI-316L after irradiation with 1:5MeV protons
at 620K. The image at the top left is a STEM (scan-
ning transmission electron microscopy) image show-
ing “Z-contrast” (mass-thickness contrast). Di Lerent
from the NSE reference specimen irradiated in the ex-
act same way (not shown), Fig 32 shows nanoscopic
particles within the grains and lining up along grain
boundaries (like pearl strings). The fact that these par-
ticles appear darker than the matrix indicates lower
mass density. The elemental maps obtained from the
region labeled “ROI” by XEDS (X-ray energy-dispersive
spectrometry), and in particular those of Cr, Ni, and Fe,
indicate that these particles are rich in Cr and low in Fe
and Ni. The carbon map does not show any significant
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FIG. 29: LTC IN-718 after HTSE: STEM (scanning transmission
electron microscopy) image recorded with a HAADF (high-
angle annular dark-field detector) detector under conditions
producing “Z-contrast” (mass-thickness contrast). Region 1
and 2 are a Pt layer deposited for TEM specimen preparation
by FIB. Region 3 is the oxide layer. Region 4 in the carburized
zone.

variation, however it is known that XEDS mapping of
carbon is problematic. Therefore, the results are not
inconsistent with the hypothesis that the nanoscopic
particles are Cr-rich carbide precipitates, induced by
irradiation.

Apparently, proton irradiation has a similar e [eck
on AISI-316L as HTSE has on IN-718 (Fig. 31): provid-
ing mobility to metal atoms (“substitutional” solute
atoms), which is suppressed during SECIS, leads to
precipitation with a fine (nano-) dispersion of parti-
cles. This is understandable recalling that SECIS is a
method that provides uniform solid solutions of inter-
stitial atoms with concentrations much higher than the
equilibrium solubility limit. Typically (e.g. in CGP LTC
AISI-316L), the supersaturation is of order 10°, i.e. the
concentration of interstitial solute is 100,000 times (!)
larger than the equilibrium solubility limit. While pre-
cipitation of second phases is kinetically suppressed
during processing and normal service life, these solid
solutions are fundamentally unstable: A high driving
force exists for precipitation of the interstitial solute —
or compounds involving it. Under conditions of high
driving force and low mobility, e.g. provided by irradi-
ation or heat treatment at moderate temperature, the
energy barrier for nucleation of precipitates is small,
leading to high number densities of second-phase nu-
clei, while transport distances are short, limiting the
nucleated particles too small size — as experimentally
observed.
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FIG. 30: LTC IN-718 after HTSE: Elemental maps obtained by STEM (scanning transmission electron microscopy) combined

with XEDS (X-ray energy-dispersive spectrometry).

FIG. 31: LTC IN-718 after HTSE: Elemental maps produced by the ESI (electron-spectroscopic imaging) three-window method,
an application of EFTEM (energy-filtering transmission electron microscopy).

2. Ni-lon Irradiation

Figure 33 presents a bright-field TEM image of CGP
LTNC IN-718 after irradiation with 5MeV Ni 2 ions. A
new layer with a thickness 100 nm is observed at the
surface — presumably an oxide.

Figure 34 and Fig 35 presents DPs (di [rattion pat-

terns) that were obtained from Ni-ion-irradiated CGP
LTNC IN-718 and from the Ni-ion-irradiated NSE IN-718
reference specimen, respectively. Both patterns show
additional spots that can be attributed to precipitates
induced by Ni 2 ion irradiation in both the nitrocarbur-
ized as well as in the non-surface-engineered IN-718.



FIG. 32: TEM of CGP LTC AISI-316L after irradiation with
1:5MeV protons at 620 K. The image at the top left isa STEM
(scanning transmission electron microscopy) image show-
ing “Z-contrast” (mass-thickness contrast). The smaller im-
ages are concentration-thickness maps of various elements,
obtained by XEDS (X-ray energy-dispersive spectrometry)
within the region marked by a red square and labeled “ROI”
(region of interest) in the main image.

On the other hand, the comparison of the DPs does
not indicate any additional e [&cks of LTNC: While Ni 2
ion irradiation causes (presumably undesired) phase
transformations, these are not caused or promoted by
the interstitial solute (carbon, nitrogen).

IV. CONCLUSIONS

1. SECIS was confirmed as a highly e Ceckive method
for surface engineering of corrosion-resistant (i.e. Cr-
containing) alloys.

2. The feasibility of SECIS was demonstrated for variety
of structural alloys (AISI-316L, IN-718, AL-6XN) that
are of potential interest for nuclear cladding and other
applications in nuclear power stations.

3. The CGP method of SECIS was adapted to work with
tubes of dimensions used for nuclear cladding.
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FIG. 33: TEM of CGP LTNC IN-718 after irradiation with
5MeV Ni 2 ions at 620 K. The image at the top left is a STEM
image showing “Z-contrast” (mass-thickness contrast). The
smaller images are concentration-thickness maps of various
elements, obtained by XEDS within the region marked by an
orange square in the center of the main image.

4. A new method, based on SRP, was developed and
proven to be highly e [ective in performing LTNC. This
method produces a “double case,” which might be
beneficial to reduce SCC.

5. A new method of alloy surface activation for SECIS
has been discovered filed for patenting. The method
relies on external etching in a liquid reagent and tem-
porary passivation against re-oxidation.

6. Systematic and comparative experiments were car-
ried out on SECIS-treated alloys to determine mechani-
cal properties, corrosion resistance, SCC, and impact
of irradiation.

7. As a general principle, the presence of a case (hard
shell) on an alloy can reduce its resistance to SCC. As



FIG. 34: TEM DPs (di [rattion patterns) (and images) of CGP
LTNC IN-718 after irradiation with 5MeV Ni 2 ions. Ad-
ditional reflections (compared to non-irradiated material)
indicate irradiation-induced precipitation.

FIG. 35: TEM DPs (di [rattion patterns) (and images) of NSE
IN-718 reference material after irradiation with 5MeV Ni 2
ions. As in the DPs from the SECIS-engineered specimen of
Fig 34, additional reflections (compared to non-irradiated
material) indicate irradiation-induced precipitation. Subfig-
ures (d) and (e) are one and the same scanned in di [Cerent
modes to see the superlattice reflections of the precipitates.

harder materials are generally more brittle, a case (hard
shell) on a soft alloy core can inject sharp, corrosion-
driven cracks into the alloy core.

8. A case formed by SECIS via LTC, LTN, or LTNC is
generally under high, GPa-level compressive biaxial
residual stresses. As these stresses oppose crack open-
ing, crack formation is not expected in non-strained
material or at low tensile strain. However, if large
tensile strains are applied - large enough to relax the
compressive stress, sharp cracks may form in the case
and be injected into the alloy core. In this regime, the
material is more sensitive to SCC than without SECIS.

9. The surface-engineered layer of all three alloys is
su [ciehtly stable against 24 h exposure to 620 K. Such
heat exposure only leads to insignificant changes of
the carbon- or nitrogen fraction-depth profile and no
precipitation of carbides or nitrides is observed.

10. The most promising material for nuclear applica-
tions under normal conditions and accident conditions

14

is IN-718. AISI-316L does not perform well under ac-
cident conditions. AL-6XN performs better than AISI-
316L, but not as good as IN-718.

11. The case generated on IN-718 by CGP LTNC can be
ferromagnetic.

12. Heat exposure of NSE IN-718 under accident condi-
tions causes loss of Cr at the surface and, consequently,
rapid oxidation.

13. Treating IN-718 by LTC or LTNC prevents loss of Cr
by formation of nanoscopic carbides or nitrides. The
nanodispersion of particles is expected to mechanically
strengthen the material (compared to NSE IN-718 under
the same conditions).

14. Irradiation of AISI-316L with high-energy protons
provides di [udivity that can lead to precipitation of
nanoscopic Cr-rich carbide particles.

15. Irradiation of IN-718 with high-energy Ni ions can
also induce precipitation, however this occurs inde-
pendently of SECIS.

16. Among the alloys being investigated, IN-718
proved to be the best candidate material for accident-
tolerant nuclear fuel cladding: The standard properties
of IN-718 can e [ectively be improved by CGP or SRP
or LTC or LTNC. The spatial distribution of intersti-
tial solute is unalecked by longer-term exposure to
medium-range temperatures (e. g. 84 ks at 620 K). Expo-
sure to accident-like conditions (4 ks at 1070 K) causes
the formation of precipitates that prevent the loss of
Cr to the environment and mechanically strengthen
the surface region. Irradiation with high-energy ions
causes no particular e [ecks in SECIS-treated IN-718
compared to NSE IN-718.

V. ACADEMIC OUTCOMES

1. A productive collaboration was established between
the groups at CWRU, UA, and LANL.

2. The PhD thesis of one graduate assistant at CWRU
will be entirely based on results from this project.3

3. The results obtained with the new SRP method con-
stitute the basis of a recent MS thesis at CWRU.?2

4. At CWRU, three postdoctoral researchers were em-
ployed on the project.

5. The work on this project will be a major part of the
PhD thesis of a graduate student at UA.*

6. One paper has been published on this work, several
further papers are in preparation.
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